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Pathogenesis of interstitial fibrosis in chronic purine aminonucleoside
nephrosis. A cellular and molecular approach was used to gain new
insight into the pathogenesis of interstitial fibrosis in chronic purine
aminonucleoside nephrosis (PAN) nephrosis. Thirty experimental rats
(PAN rats) were given 15 mg/l00 g body wt of i.p. PAN at time 0,
followed by 4.3 mg/lOO g body wt i.p. on days 20, 27 and 34; 25 control
rats received i.p. saline at the same time intervals. All rats had a right
unilateral nephrectomy within the first four days. Groups of control and
PAN rats were killed at 21, 37, 52, 72 and 91 days. Renal sections were
studied by immunofluorescence to quantitate interstitial macrophages,
T lymphocytes and fibroblasts, and to characterize the deposition of the
extracellular matrix (ECM) proteins (collagens I, III and IV, fibronectin
and laminin) and the tissue inhibitor of the metalloproteinases (TIMP).
Steady state concentrations of mRNA from the whole kidney for these
ECM proteins, the metalloproteinases, lIMP, and transforming growth
factor beta (TGF-131) were quantitated by Northern blot analysis.
Significant increases in the number of interstitial macrophages and T
lymphocytes were found in the PAN rat groups compared to that in
controls. All ECM proteins examined were quantitatively increased in
the tubulointerstitium of PAN rats. The pattern of distribution of some
ECM proteins was also modified in experimental animals. TIMP was
increased in the interstitium of PAN rats; at later times, TIMP was most
prominent in sclerotic regions of the glomeruli and in tubular protein
droplets. Northern blot analysis revealed increased steady-state mRNA
levels for components of each of the ECM proteins, no change for the
metalloproteinases—stromelysin or collagenase—and a marked in-
crease for TIMP and TGF-f31 in PAN animals. The results of this study
suggest that the diffuse interstitial fibrosis found in chronic PAN
nephrosis results from both increased production of ECM proteins and
decreased matrix degradation.
Prominent interstitial fibrosis is the major histological abnor-
mality found in a wide range of renal medullary diseases, It is
prominent in glomerular diseases that progress to chronic renal
failure. Numerous studies have found that the glomerular
filtration rate, used as a global measure of renal function,
correlates better with chronic tubulointerstitial injury than with
glomerular injury in a wide range of renal diseases. These
diseases include mild mesangial proliferative glomerulone-
phritis and focal segmental sclerosis [1, 2], membranous ne-
phropathy [2, 3], acute diffuse endocapillary proliferative gb-
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merulonephritis [4], lupus nephritis [5, 6], a range of other
glomerulonephritides [7—9] and chronic interstitial nephritis of
nearly all types [10, 11]. Bohle and his colleagues [1, 2, 11, 12]
have consistently demonstrated that serum creatinine concen-
trations were increased only in those patients with inflamma-
tory and non-inflammatory glomerular diseases in which the
cortical interstitial spaces were widened. All these observations
have led some observers to conclude that injury to the tubules
or to the vascular bed distal to the efferent arteriole is of
primary importance in the development of glomerular as well as
further tububointerstitial damage.
The chronic model of purine aminonucleoside (PAN) ne-
phrosis results in diffuse interstitial fibrosis and focal segmental
glomerulosclerosis [13]. Important interstitial inflammatory
events that may participate in the genesis of interstitial fibrosis
occur acutely after administration of PAN. In the first week of
acute PAN nephrosis, the glomerular cellular infiltrate is mini-
mal, but renal blood flow and clearance of insulin are reduced,
and a prominent interstitial infiltrate of macrophages occurs [14,
15]. Experimental abrogation of the interstitial inifitrate of
macrophages, through the use of a diet deficient in essential
fatty acids, acutely attenuates the perturbations in renal blood
flow and glomerular filtration rate, whereas proteinuria, a
marker of glomerular function, remains unchanged [15]. The
chronic result of this manipulation is less diffuse interstitial
fibrosis [16]. A number of human glomerular diseases that are
associated with progressive interstitial fibrosis have a promi-
nent interstitial macrophage infiltrate [17]. Thus, PAN nephro-
sis may be a useful model for investigation of the pathogenesis
of diffuse interstitial fibrosis.
The molecular composition and cellular origin of the extra-
cellular matrix (ECM) that constitutes interstitial fibrosis in
chronic renal disease are unclear. The normal renal interstitium
is composed of a loose ECM containing collagen I and collagen
III. These are present in reticular fibers throughout the inter-
stitium, surrounding the collecting ducts in the media and
adventitia of blood vessels and in the renal capsule [18]. These
interstitial collagens are not found in basement membranes or in
the normal glomerulus [18—20]. Fibronectin, the major non-
collagenous renal interstitial protein, is also present in the
normal mesangium, but its presence in the gbomerular basement
membrane (GBM) or tubular basement membrane (TBM) is
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disputed [21]. Although the origin of the interstitial ECM is
unknown, a number of different types of cells capable of
synthesizing these macromolecules reside in the normal renal
interstitium [221.
Classical basement membrane matrix proteins may also con-
tribute to interstitial fibrosis. The ultrastructure of renal base-
ment membranes (Bowman's capsule, the TBM and the GBM)
are unique, but their molecular compositions appear quite
similar. Collagen IV and laminin, which are major constituents
of these membranes, are also found in the glomerular mesan-
gium, but not in the normal rat renal interstitium [18, 23].
Accumulation of ECM proteins may be caused by an increase
in synthesis or a decrease in their degradation. The remodeling
of ECM involves proteolytic degradation by a group of enzymes
called the metalloproteinases. Interstitial collagenase (type I
collagenase, MMP-l) degrades collagens I and HI, and stromel-
ysin (MMP-3) degrades a wide range of proteins including
collagen IV, fibronectin, laminin and proteoglycans [24]. The
production of these enzymes by endothelial cells, fibroblasts
and macrophages can be induced by a wide variety of stimuli.
Metalloproteinases are inhibited by the tissue inhibitor of
metalloproteinases (TIMP) [25]. The role of transforming
growth factor beta (TGF-/3) in the remodeling of ECM after
injury includes increased synthesis of ECM proteins, decreased
concentrations of metalloproteinases and increased concentra-
tions of TIMP [26—31].
This report describes some of the cellular and molecular
events that occur in the chronic PAN model of diffuse intersti-
tial and focal segmental glomerular fibrosis. The results of our
study demonstrate that the diffuse interstitial fibrosis results
from both increased production of ECM protein and decreased
matrix degradation. The increased production of TGF-/31 by
infiltrating macrophages and/or native renal cells appears to be
one of the molecular mediators of this fibrotic process.
Methods
Experimental procedures: Nephrectomy —
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Experimental design
A slightly modified version of the method of Glasser, Velosa
and Michael [13] was used to produce a chronic model of PAN
nephrosis. In the first experiment, 30 female Lewis rats weigh-
ing 130 to 150 g (Charles River Breeding Laboratories, Mon-
treal, Quebec, Canada) were divided into five groups of six
animals each. On day 0, three of the six rats (PAN rats) in each
group were given an i.p. injection of PAN (Sigma Chemical Co,
St. Louis, Missouri, USA), 15 mg/lOO g body wt dissolved in
0.9% saline (15 mg/mI), and the other three (control rats) were
given an i.p. injection of the same volume of 0.9% saline. A
right-sided unilateral nephrectomy was performed by flank
incision under enflurane anesthesia within the next four days.
Second, third and fourth doses of PAN (4.3 mg/l00 g body wt
i.p.) were administered to the PAN rats at three, four and five
weeks after the initial dose; the control rats received i.p. saline
at the same times (Fig. 1). The rats were fed normal rat chow
and water ad libitum. The five groups were killed sequentially at
21, 37, 59, 72 and 91 days after the initial dose of PAN or saline.
Before death, the rats were exsanguinated by cannulation of the
abdominal aorta and a solitary kidney was removed. Approxi-
mately four-fifths of the kidney was flash-frozen in liquid
nitrogen for extraction of RNA, and the caudal pole was sliced
and flash-frozen in isopentane pre-cooled in liquid nitrogen and
stored at —70°C for immunofluorescent studies.
The experiment was repeated with 25 rats (5 in each group: 3
experimental and 2 control rats) to confirm the results.
Urinary albumin excretion rates
Animals were housed individually in metabolic cages to
obtain 24-hour collections of urine at the times indicated in
Figure 1. Urinary albumin concentration was quantitated by
radial immunodiffusion according to a modification of the
technique of Mancini [321. The timed urinary albumin excretion
was calculated for individual animals and expressed as total
atbumin/lOO g body wt normalized to a 24-hour collection
period.
Plasma
The Kodak Ektachem 700 method was used to determine the
creatinine levels for each animal from the plasma sample
collected at the time of death.
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Fig. 1. Mean rat weights, albuminuria and plasma creatinine values
plotted against time. The experimental design is shown above the
graphs. Results for PAN rat groups are presented as squares and those
for control rat groups, as circles. The results for the first and second
experiments are represented by unfilled and filled symbols respectively,
except for the graph of plasma creatinine values in which the results
from both experiments have been combined. The bars represent I SD.
The albuminuria result for the control rats was 0.3 0.4 mg/24 hr/l00
g body wt (BW), N = 60.
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Immunofluorescence studies
Macrophages, T lymphocytes and fibroblasts in the renal
interstitium were identified and quantified with the dual fluoro-
chrome labeling and enumeration method previously described
by Eddy and Michael [14]. The following primary monoclonal
antibodies and their reactivities were used: OXi9 for all T
lymphocytes excluding natural killer cells, (Sera Lab, distrib-
uted through Dimensions Laboratory, Mississauga, Ontario,
Canada), ED-l for rat macrophages and monocytes (Serotec,
Oxford, England, UK), Mar-i for rat macrophages and mono-
cytes (gift of Dr. A. Yamashita, Hamamatsu University School
of Medicine, Hamamatsu, Japan [33], and ST3 and ST4 for rat
fibroblasts [34] (gift from Dr. A. Sullivan, McGill University,
Montreal, Canada). The fibroblast antibodies were produced by
immunizing mice with cultured adherent cells of rat bone
marrow. ST3 has a distribution similar to the Thy-i antigen and
reacts predominantly with marrow-derived fibroblasts whereas
ST4 reacts with fibroblastoid cells in peripheral tissues but not
within the bone marrow. These antibodies appear to identify a
subset of renal interstitial fibroblasts.
ECM proteins were assessed semi-quantitatively by indirect
immunofluorescence. The primary antibodies used were sheep
anti-human collagen I, goat anti-human collagen III, goat anti-
human collagen IV (Southern Biotechnology Associates, Bir-
mingham, Alabama, USA), rabbit anti-murine laminin, goat
anti-human fibronectin (Dimension Laboratories, Inc., Missis-
sauga, Ontario, Canada), rabbit anti-bovine TIMP (gift from Dr.
Y.A. DeClerk, Children's Hospital of Los Angeles, Los Ange-
les, California, USA) [35], rabbit anti-human tenascin (gift from
Dr. H. Erickson, Duke University, North Carolina, USA) [36],
and rabbit anti-rat heparan sulfate proteoglycan core protein (a
gift of Dr. Y. Kanwar, Northwestern University Medical
School, Chicago, Illinois, USA) [37]. The secondary antisera
were fluorescein isothiocyanate (FITC)-conjugated rabbit anti-
sheep IgG, FITC-conjugated rabbit anti-goat IgG or FITC-
conjugated goat anti-rabbit IgG antiserum (Organon Teknika
Corp., West Chester, Pennsylvania, USA). FITC-conjugated
antisera were absorbed with normal rat plasma and shown to be
non-reactive with control kidney sections.
The accumulation of ECM proteins within the tubulointersti-
tium, along the TBM, and in the interstitial space was assessed
semi-quantitatively by fluorescence microscopy. At least 50
random fields contained within a 10 mm x 10 mm eyepiece grid
(magnification, x400) were each assigned an arbitrary intensity
score from ito 3, where 1 represented a normal scoring pattern;
2, slightly increased ECM staining; and 3, markedly increased
staining. A total of three control and three PAN rat kidneys
were evaluated at days 21, 39, 53, 72 and 91. The results were
expressed as the mean relative intensity. For sampling consis-
tency, the immunohistochemical studies were performed on the
cortical interstitium since this was the main renal compartment
present in the frozen tissue samples. However, for comparison,
quantitation was repeated separately in the cortical and medul-
lary interstitium for collagen I and fibronectin, although fewer
medullary fields could be assessed (mean 18 8). The observer
was blinded to the study group during all assessments. Al-
though this technique is somewhat subjective, repeat reassess-
ment of these kidney sections for interstitial collagen I and
fibronectin 12 months later by the same observer confirmed
similar results (r =
.91, P < 0.001 for both proteins).
The deposition of ECM proteins along the GBM and within
the mesangium of the glomeruli was also assessed in 50 random
glomerular cross sections with a similar technique.
RNA extraction and Northern blot analysis
Total cellular RNA was isolated from each individual rat
kidney according to the method described by Chirgwin et al
[38]. RNA integrity was confirmed by fractionation on 1.2%
agarose-formaldehyde gels containing ethidium bromide and by
examination of the ribosomal bands [38]. The concentration of
the RNA was determined by spectroscopy at 260 mm, Yields of
RNA varied from 100 to 500 /Lglkidney. To use several cDNA
probes, we decided at the initiation of this project to use RNA
pools. An equal amount of RNA from each of the animals in a
particular experimental or control group was very carefully
measured and pooled for the preparation of Northern blots,
which were performed according to standard methods [39, 40].
Results from the first study of 30 animals were confirmed by
repeating the study with 25 animals and preparing a second set
of Northern blots (see experimental design above). After the
electrophoretic separation of RNA on agarose-formaldehyde
gels containing ethidium bromide, the gel was photographed
with a Polaroid MP-4 LAND camera and 665 professional
instant pack film (Polaroid, Cambridge, Massachusetts, USA)
with ultraviolet transillumination (LKB 2011 Macrovue Trans-
illuminator, Pharmacia LKB Biotechnology, Uppsaia, Swe-
den). The RNA in the gel was then transferred to a nylon
membrane and fixed by baking at 80°C for two hours.
cDNA probes and hybridization conditions
The eDNA probes used were for rat pro-collagen i(I) and
murine pro-collagen crl(III) [41] (supplied by Dr. S. Thorgeirs-
son, National Cancer Institute, Bethesda, Maryland, USA), rat
TGF-f3l [42] (supplied by Dr. S.W. Qian, National Cancer
Institute), rat fibronectin lambda-rlf-l [43] (supplied by Dr. R.
Hynes, Center for Cancer Research, Massachusetts, Institute
of Technology, Cambridge, Massachusetts, USA), murine pro-
collagen a2(IV) pPEl8 and pro-collagen al(IV) pPEI23 [44],
and murine laminin Bl pPE 386 [45] (supplied by Dr. M.
Kurkinen, University of New Jersey-Rutgers Medical School,
Piscaway, New Jersey, USA), rabbit stromelysin pSl2 and
collagenase pCI1 [46] (supplied by Dr. Z. Werb, University of
California, San Francisco, California, USA), murine TIMP [471
(supplied by Dr. D.T. Denhardt, University of Western On-
tario, London, Ontario, Canada) and human histone (H3) [48]
(supplied by Dr. J. Stein, University of Florida, Gainesville,
Florida, USA). Complimentary DNA probes were radiolabeled
with a commercial kit (Multiprime DNA Labelling System,
Amersham International, UK) by random priming with the
Klenow fragment of Escherichia co/i DNA polymerase I in the
presence of [32PIdCTP (3000 Ci/mmol). Gel filtration with a
Sephadex G-50 (Nick Columns Pharmacia LKB Biotechnology)
was used to separate the labeled probe from unincorporated
nucleotides.
The membranes were prehybridized in 50% deionized form-
amide, 6.25 X SSPE (750 m'vi NaCI, 50 mM NaH2PO4, 5 mM
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Fig. 2. The mean number of interstitial cells bearing antigens for ED-i (U) and Mar-I () (macrophages), and 0X19 (LI) (T lymphocytes) (A);
ST3 (U) and ST4 () (rat fibroblasts) (B) per thousand tubulointerstitial cells are plotted against time. The bars represent 1 SD. The controls have
been pooled from all study days because all values at the different time points were similar. * P < 0.05.
disodium ethylenediamine tetraacetic acid, pH 7.4), 10% dex-
tran sulfate, 0.8% sodium dodecyl sulfate (SDS), 5 x Den-
hardt's solution (0.1% of each of bovine serum albumin, poly-
vinyl pyrrolidone and Ficoll 400) and 100 jig/mI of denatured
salmon-sperm DNA for 12 hours at 42°C. Hybridization was
carried out by incubation of membranes with freshly prepared
pre-hybridization solution containing 106 cpm of labeled cDNA
probe/ml for 24 hours at 42°C.
After hybridization, the membranes were washed sequen-
tially in 5 x SSPE and 0.2% SDS for 20 minutes at room
temperature, and then in conditions of increasing stringency
determined individually for each cDNA probe: the SSPE con-
centration was decreased to 2 x SSPE, 0.2 x SSPE and 0.1 x
SSPE sequentially at 42°C. The radioactivity emitted by the
filters was monitored during the washing with a hand-held
beta-emission counter. When non-specific emissions were not
detected, the washing was stopped and the filters were autora-
diographed with two intensifying screens (Dupont Cronex,
Wilmington, Delaware, USA) for 24 to 72 hours.
Quantitation of mRNA signals
Messenger RNA signals on autoradiographs were quantitated
by laser densitometry (Ultroscan XL Enhanced Laser Densi-
tometer, Pharmacia LKB Biotechnology) and evaluated with
Gel Scan XL Software Program (Version 2, Pharmacia LKB
Biotechnology) run on an IBM-compatible AT personal com-
puter. Similarly, the negative images of the photographs of the
ethidium-bromide-stained formaldehyde gels were scanned for
the density of the ribosomal bands (28S and l8S). Two different
durations of exposure were used for the autoradiographs and
photograph negatives to ensure that the density readings were
in the linear range. When the difference in loading between the
gel wells was more than 20%, the gel was rejected. The density
of the autoradiograph was adjusted for inequality of RNA
loading by division of the densitometry result for the Northern
blot band by the density of the closest ethidum-bromide- stained
ribosomal band. Similar techniques have been used by other
investigators [49, 50]. From the results of preliminary studies,
we were not confident that steady-state mRNA levels for actin
or glyceraldehyde-3-phosphate dehydrogenase remain constant
at least during the initial phase of PAN-nephrosis. Other
investigators [5 1—531 have reported changes in the mRNA levels
for actin. For these reasons, the assessment of RNA loading as
described above was chosen and carefully performed.
Statistical analysis
The number of interstitial mononuclear cells and fibroblasts
were expressed as the group mean 1 SD. Bonferroni's t-test
for independent means was used to compare the results. A P
value of less than 0.05 was considered significant. The Spear-
man rank correlation coefficient was used to compare the
number of interstitial macrophages with ECM mRNA and
relative interstitial protein levels.
Results
Rat weights, urine excretion rates and plasma creatinines
The animal weights, urinary albumin excretion rates and
plasma creatinine values for both experiments summarized in
Figure 1 are shown in relationship to the timing of PAN
injections and nephrectomy. Five rats were excluded from the
analysis: three of the PAN rats in the first experiment that did
not develop proteinuria after either the first or second set of
injections of PAN, probably because PAN was injected into the
intestine; one of the control rats that had intermittent protein-
uria; and one rat in the second experiment that died. The PAN
rats included in the study developed gross ascites in the first and
between the third to fifth weeks of the experiments.
At all time points after the first PAN injection and nephrec-
tomy, the PAN rats grew significantly more slowly and had
nephrotic-range proteinuria (unpaired Student's t-test, P <
0.05). The mean plasma creatinine level was increased only in
the PAN rats at 39 days compared to that in control rats (P <
0.05).
Interstitial cell enumeration
The phenotype of the interstitial mononuclear cells is shown
in Figure 2. The number of macrophages (ED- 1, Mar-I ) and
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Fig. 3. The quantity of the ECM proteins, collagens I, III and IV, fibronectin and laminin, estimated with fluorescence microscopy in the
interstitium (A) and the glomeruli (B) of PAN rats expressed relative to a control value of!, and the concentrations of mRNA (C)for aI(I) collagen,
a! (III) collagen and a2(IV) collagen, fibronectin and laminin B, in the PAN rat kidneys expressed as a percentage of that in the control rat kidneys,
as determined by the densitometry analysis of Northern blots. Symbols are: (•) collagen I; (D) collagen II; () collagen IV; (Z) fibronectin; (Lfl
laminin,
T lymphocytes (OX19) was significantly increased in the PAN
rat groups compared to that in the control rat groups at all
times, Macrophages were the dominant inflammatory cell;
these cells were most numerous at days 37 and 52. In contrast,
the number of T lymphocytes increased progressively through-
out the experiment. Although there was a small increase in
marrow-derived (ST3) fibroblasts on days 21, 52 and 72, the
more numerous ST4 fibroblasts did not increase during the
study (Fig. 2). The number of ED-1 intraglomerular cells
showed a modest increase from a mean 1.7 0.5 positive
cells/glomerular cross section (gcs) to a maximum of 3.6 0.9
positive cells/gcs at 39 days (P < 0.05).
Expression of extracellu/ar matrix proteins and TIMP
The tubulointerstitial and glomerular accumulation of the
ECM proteins as assessed by immunofluorescence microscopy
is summarized in Figure 3. Photographs of the immunofluores-
cence microscopy for each of the ECM proteins are shown in
Figures 4 and 5. No difference was found in the appearance of
control rat tissue sections throughout the duration of the study
(days 21 to 91).
Increased quantities of collagens 1, III and IV, fibronectin
and laminin were present in the tubulointerstitium at 21 days
and were further increased at 37 and again at 52 days. Addi-
tional ECM accumulation was not observed after 52 days. The
pattern of distribution of the ECM proteins within the tubulo-
interstitium was abnormal in the PAN rats. Laminin and
collagen IV were restricted to the TBM in control rats, but also
appeared in small quantities within the interstitium in PAN rats,
although the major increase was due to accumulation along the
TBM. Laminin and collagen IV progressively increased in
amount and formed concentric circles around some tubules in
the PAN rats. The distributions of these two proteins in the
TBM were more uneven in thickness and gave the TBM a
wrinkled appearance in the PAN rats in comparison to that
observed in the control rats. Fibronectin was limited to the
renal interstitium in control rats, but progressively accumulated
along thickened TBM, as well as in the interstitium, in the PAN
rats. Collagens I and III were confined primarily to the inter-
stitium in both PAN and control rats in all groups. There was a
strong positive correlation between the relative cortical and
medullary interstitial matrix scores for collagen I (r = 0.88;
Spearman rank correlation coefficient) and fibronectin (r =
0.86). At all study times, the relative medullary accumulation
was equal to or greater than that occurring in the cortex.
Collagen IV, fibronectin and laminin also accumulated within
the glomeruli of the PAN animals by 21 days. However, the
L't TCerr-,. .'l•
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Fig. 4. linmunofluorescent micrographs with anti-collagen I antiserum on renal sections from a control rat (A), a PAN rat at 21 days (B), and a
PAN rat at 91 days (C); anti-collagen 111 antiserum on sections from a control rat (D), a PAN rat at 21 days (E), and a PAN rat at 91 days (F);
and anti-fl bronectin antiserum on sections from a control rat (G), a PAN rat at 21 days (H), and a PAN rat at 91 days (I). No difference was found
between the control rats examined at the different times of the study (magnification, x 150).
increase was mild until 37 days and marked thereafter. Colla-
gens I and III were faintly detectable in the mesangial regions of
the glomeruli of the PAN and control rats. They were also
detectable in very small quantities, much less than collagen IV,
laminin and fibronectin, within sclerotic regions of the PAN
rats.
Heparan sulfate proteoglycan (not shown) was segmentally
decreased in 1%, 6%, 29% and 49% of glomeruli at 39, 53, 72
and 92 days, respectively. The TBM were thickened, wrinkled
and stained more intensely for heparan sulfate proteoglycan in
14%, 29%, 12% and 21% of interstitial fields at these same
times, respectively, whereas heparan sulfate proteoglycan ac-
cumulation within the interstitium was not observed. In normal
kidneys, tenascin was present focally in fine granular deposits
within the mesangium and diffusely in interstitial spaces. In
PAN animals appreciable intraglomerular accumulation of ten-
ascin was not observed. However, a marked increase occurred
in periglomerular regions (37%, 65%, 92% and 78% of glomer-
uli) and focal peritubular regions (29%, 21%, 24% and 12% of
interstitial fields) at days 21, 39, 53 and 92, respectively.
TIMP was faintly detectable in normal rat kidneys (Fig. 6). It
was present along the glomerular capillary walls (1 + intensity
on a relative intensity scale of 1 to 4k), in blood vessel walls
(1k) and in focal areas around Bowman's capsule (l) and in the
interstitium (l). The tubules had faint brush border staining for
TIMP. The deposition of TIMP in the control rats was similar at
all times of examination. In the PAN rats, an increase in TIMP
was found in the interstitium at day 21; interstitial TIMP
persisted as the interstitial spaces widened later but it did not
increase in intensity. In the PAN rats killed later (days 52, 72
and 91), prominent focal segmental globular deposits of TIMP
were found in the glomeruli. Bright granular staining was also
seen along tubular brush borders and within tubular protein
reabsorption droplets.
Expression of genes for the ECM proteins, the
meta/loproteinases and TIMP
The steady-state mRNA levels for pro-collagens al(I),
al(III), al(IV) and a2(IV), laminin Bi and fibronectin were
highest in relative density at 21 days in both PAN and control
groups, but were markedly increased in the PAN group. These
levels subsequently decreased throughout the remainder of the
study. Representative of a classical interstitial ECM protein,
the Northern blot data for interstitial pro-collagen al(I) are
shown in Figure 7. Representative of a classical basement
membrane matrix protein, the data for pro-collagen a2(IV) are
shown in Figure 8. The relative densitometry results for the
Ut W:. . '!'I w.. ——
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Fig. 5. Immunofluorescence micrographs with anti-collagen IV antiserum on renal sections from a control rat (A), a PAN rat at 21 days (B), and
a PAN rat at 91 days (C); and anti-laminin antiserum on sections from a control rat (D), a PAN rat at 21 days (E), and a PAN rat at 91 days (F),
(magnification, X 150).
Fig. 6. Immunofluorescence micrographs wan anti-TIMP antiserum on renal sections from a control rat (A), a PAN rat at 21 days (B) and a PAN
rat at 91 days (C) (magnfica1ion, X 150).
entire panel of ECM cDNA probes are summarized in Figure 3.
The absolute steady-state mRNA levels for the control rat
groups decreased at a faster rate than those for the PAN rat
groups for each of the ECM proteins. Thus, the PAN rat mRNA
for the ECM proteins expressed as a percentage of the control
rat mRNA for these protein concentrations reached a maximum
between 37 and 52 days (see lower panels of Figs. 3, 7 and 8).
The same pattern of results was found for both experiments.
No difference in the mRNA concentrations for interstitial
coilagenase (not shown) or stromelysin (Fig. 9) was found
between the PAN and control rat groups at any time in the
study. In contrast, the mRNA concentration of TIMP (Fig. 10)
was increased at all times in the PAN rat group, reaching a
maximum at 37 days.
TGF-f31 gene expression
The mRNA abundance for TGF-131 in the PAN rat groups was
greater than those in the control rat groups (Fig. 11). However,
after 52 days the level of TGF-f31 RNA in the PAN rat groups
declined with time.
Cell pro! jferarion
The level of messenger RNA for the histone gene (which is
tightly coupled to DNA synthesis) was slightly increased at day
52 in the PAN rats compared to those in the controls. At all
other time points, no increase was detected (not shown).
Correlation between interstitial macrophages and matrix
proteins
The value of correlation analysis between steady-state
mRNA levels and the number of interstitial macrophages was
limited because Northern blots used RNA pools, giving only six
pairs for analysis. Nonetheless, there was a significant correla-
tion (P < 0.05) between Mar-i positive macrophages and
steady-state mRNA levels for TGFj3 (r 0.94), fibronectin (r =
0.83) and TIMP (r = 0.94). The correlation coefficients for the
other matrix genes were collagen I, r 0.78; collagen III, r =
0.77; collagen IV, r 0.77 and laminin, r = 0.49. There was a
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Fig. 7. Northern blot and densitometrv analysis of mRNA for procol-
lagen aI(I). The time in days (d) from the initial i.p. injection of PAN
for the PAN rat group (E) or saline for the control rat groups (C) is
shown above the autoradiograph. The mRNA bands (4.7 and 5.8 Kb)
are highlighted by arrows in relationship to the upper (28S) and lower
(18S) ribosomal bands. A photograph of the ethidium-bromide-stained
gel located below the autoradiograph shows that approximately equal
amounts of RNA were loaded. The densitometry analysis of the
autoradiograph is plotted in the upper graph. The absorbance of the
PAN group mRNA band expressed as a percentage of that for the
control group is shown in the lower graph.
significant positive correlation (P < 0.001) for interstitial mac-
rophages (Mar-I and ED-I positive) and the quantitative index
for all extracellular matrix proteins (Table I).
Discussion
Diffuse interstitial renal fibrosis, a term that includes all
components of the ECM that are disproportionately increased
in relation to the number of parenchymal cells present in the
tissue, is an invariant histological feature of chronic renal
injury. The chronic single-kidney multiple-dose model of PAN
nephrosis, which was investigated in the present study, is a
reproducible model of chronic fibrosing glomerulopathy. This
chronic model was first used by Glasser et al [13] to produce
nephrotic syndrome with focal sclerosis. These investigators
were interested in the glomerular lesions of this model and did
Fig. 8. Northern blot and densitometry analysis of mRNA for procol-
lagen alpha-2(IV) (6.4 Kb), arranged in the same manner as described
in Figure 7.
not describe the interstitium in detail. They found that the major
site of fibrosis was in the interstitium rather than in the
glomeruli, as in the present study.
The present tubulointerstitial immunopathological studies
indicate that all of the ECM proteins are increased before the
second dose of PAN (at 21 days), and the increase in their
expression is not progressive beyond 52 days. In contrast, the
glomerular ECM accumulation is minimal before the second
dose of PAN and progressively increases or remains increased
until at least 91 days. These glomerular findings are consistent
with the incidence of focal segmental sclerosis found by Glasser
et al [131, who used an experimental model only slightly
different to that described in this report. They found 10% of the
glomeruli to have focal sclerosis at 77 days when the animals
had received one dose of PAN and had undergone nephrec-
tomy. This increased to 67% when a second series of PAN
injections were administered. The true incidence of sclerotic
glomerular lesions would likely be much higher if a three-
dimensional morphometric analysis had been performed [54].
Nonetheless, the discrepancy we found in the timing of ECM
accumulation in the interstitium and that in the glomeruli makes
it probable that the pathogenic processes resulting in fibrosis in
the tubulointerstitium were earlier in onset and perhaps distinct
21d 37d 52d 72d 91dE CE CE CE CE C
28S—
21d 37d 52d 72dE CE CE EC 91dE C
28S—
lBS —
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Fig. 9. Northern blot and densitometry analysis of mRNA for the
metalloproteinase stromelysin (1.9 Kb), arranged as described in
Figure 7.
in nature from those in the glomeruli. This observation makes it
unlikely that the interstitial changes are secondary to glomeru-
lar sclerosis and a consequence of ischemia of vascular beds
distal to the glomerulus.
The renal interstitium in our study contained laminin and
collagen IV in the PAN rats; these proteins were restricted to
the basement membranes in the control animals. The orienta-
tion of these interstitial proteins was parallel to the TBM in
PAN rats. This suggests that the proteins were deposited by the
tubular epithelial cells; for this to occur these cells must have
been adjacent to the interstitial space at an earlier stage. It is
possible that the process of widening the extracellular space,
caused by edema in the nephrotic stage and later by the
production of other ECM proteins, pushed the tubules apart.
This could leave TBM proteins attached to interstitial matrix
proteins but separated from their tubular cell of origin.
Expression of the genes for ECM and matrix-degrading
enzymes was investigated in vivo in the whole kidney. Since
glomeruli occupy about 3% of the volume of a normal kidney
[551, the rest being mainly tubulointerstitium, it seems justified
to speculate that the tubulointerstitial cells bring about the
major expression of these genes. Corroborating this assumption
is the observation that glomeruli express very little of either
collagen I or collagen III proteins.
Although the present study concentrates on the tubulointer-
stitial changes, it was of interest that the mesangial regions of
the control and PAN rats had detectable collagens I and III. The
control rats had a nephrectomy and were thus not normal. Like
our findings in the PAN rats in this study, type I and Ill
collagens have been found in sclerotic regions of human gb-
meruli with focal sclerosis [56]. Primary mesangial cell cultures
from carbon-tetrachloride-damaged kidneys synthesize type I
collagen [57] and cultured normal rat kidney epithelial and
mesangial cell lines have been reported to produce type I and
III collagens [58, 591. Synthesis of these interstitial collagens
may be related to a dedifferentiation of these cells, induced by
injury or by in vitro conditions, so that the normal embryolog-
ical switch of nephrogenic mesenchyme to epithelia [60] is
reversed upon injury and these cells begin to produce collagens
types I and III again.
In this model of kidney injury, the steady state levels of
mRNA for several ECM proteins were increased, those for the
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(1.0 Kb), arranged as described in Figure 7.
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Table 1. Correlation between interstitial macrophages and
extracellular matrix proteins
ED-i cells Mar-l cells
Collagen I 0.78 0.81
Collagen LII 0.72 0.86
Collagen IV 0.84 0.86
Laminin 0.74 0.79
Fibronectin 0.75 0.75
Spearman rank correlation coefficient comparing the number of ED-i
or Mar-i positive interstitial cells per I ,000 tubulointerstitial cells to the
index of relative accumulation of interstitial ECM proteins. All results
were significant (P < 0.001).
Time after PAN, days
Fig. 11. Northern blot and densitometry analysis of aiR NA for TGF-/3,
(2.5 Kb), arrangedas described in Figure 7.
metalloproteinases remained unchanged and those for TIMP
were increased, suggesting that the net ECM protein accumu-
lation observed was due to a combination of increased synthesis
and decreased degradation. This conclusion assumes that the
transcribed RNA is rapidly translated into proteins. This is true
especially for the metalloproteinases and TIMP, in which rapid
translation and cellular secretion of protein occur once the
mRNA is transcribed [24, 61, 62]. Since transcriptional regula-
tion is usually the controlling mechanism in the synthesis of
collagen and fibronectin proteins [63, 64], it is likely that the
collagen and fibronectin RNAs are also rapidly translated into
protein. The longitudinal nature of the data also supports this
assumption since the mRNA levels were highest when the
interstitial ECM proteins were accumulating (days 21, 37 and
52), and they were generally lower when further ECM protein
accumulation was decreasing at later time points.
González-Avila et al [65] proposed a similar mechanism for
the genesis of diffuse interstitial fibrosis caused by unilateral
ureteral obstruction in rats. They studied collagen turnover by
measuring proline and hydroxyproline incorporation and colla-
genolytic activity in obstructed rat kidneys. They found that the
collagen content of the kidney was increased and that proline
incorporation was increased. They measured decreased colla-
genolytic activity and also showed that this was not the only
mechanism of diffuse interstitial fibrosis. In a model of unilat-
eral renal vein ligation in which the histological appearance was
similar to that of ureteric obstruction, the total collagen content
was not increased. Both collagenolytic activity and the incor-
poration of proline and hydroxyproline were decreased. In that
model, the fibrosis was due to parenchymal loss.
The predominant cell in the interstitium in this study was the
macrophage, as has been found in previous reports of PAN
nephrosis [14—16]. When sensitive probes such as monoclonal
antibodies have been used to quantitate interstitial leukocytes,
increased numbers of macrophages have been found in exper-
imental models of obstructive nephropathy in the rabbit [66]
and rat [13, 67, 68], Heymann nephritis [Eddy et a!, C/in
immunol immunopathol (in press)], and nephrotoxic serum
nephritis [69] in the rat. In studies on human tissues, Hooke,
Gee and Atkins [17] found the number of interstitial monocytes
was significantly increased in post-infectious glomerulonephri-
tis (GN), IgA nephropathy, membranoproliferative GN and
focal proliferative GN. Increased interstitial monocytes have
also been found in lupus nephritis [6].
There is evidence that interstitial macrophages actively par-
ticipate in both the mediation of renal functional abnormalities
and in the process of ECM accumulation during renal injury. In
PAN nephrosis and acute obstruction, a reduction in the
number of interstitial macrophages results in improved acute
renal function [15, 68]. Attenuation of interstitial inflammation
by diet-induced essential fatty-acid deficiency is associated with
a reduction in renal fibrosis after a single dose in PAN [16].
Macrophages may synthesize ECM proteins such as collagen
[70] and fibronectin [71]. In addition, the infiltrating macro-
phages secrete soluble factors that stimulate ECM production
by resident interstitial cells. In the present study, there was a
significant correlation between the number of interstitial mac-
rophages and the five matrix proteins quantitated, providing
further evidence that these cells actively participate in the
pathogenesis of interstitial fibrosis. The dominant fibroblast
subpopulation of these cells, which expresses the surface
marker ST4, did not increase in number in the nephrotic
animals, supporting the notion that activation but not cellular
proliferation is the critical fibroblastic event.
The cytokines and growth factors involved in the regulation
of the molecular events found in this model are likely to be
numerous and their interaction, complex. Whether the in-
creased TGF-f31 mRNA levels found were of primary patho-
genic importance or were associated with secondary events in
this model is unknown. However, TGF-f31 has some properties
that may explain the major changes found in this experiment.
TGF-/31 is a powerful chemoattractant for macrophages [25] and
fibroblasts [26, 27]. It up-regulates the transcription and trans-
lation of collagens I and III and fibronectin [26—29], and it
prevents growth-factor-induced expression of the stromelysin
and collagenase, whereas it increases TIMP production in
1 8S —
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cultured fibroblasts [30]. Glomerular ECM production in the rat
model of mesangial proliferative glomerulonephritis induced by
antithymocyte serum was reduced with antiserum used against
TGF-f31 [72]. The source of TGF-f31 was not identified in the
present study, but it may originate at least in part from
monocytes invading the interstitium during the initial phase of
injury.
The chronic PAN model was used to examine the cellular and
molecular events associated with the development of diffuse
interstitial fibrosis in rats in this study. A significant interstitial
infiltrate of macrophages with lesser numbers of T lymphocytes
was found at all times following injury. Marked interstitial
accumulation of collagens I, III, and IV, fibronectin and laminin
progressed until day 52 and was associated with increased
mRNA concentrations for collagens al(I), al(III), al(IV) and
a2(IV), fibronectin and laminin B1. The increased levels of
mRNA for TIMP and unchanged levels of mRNA for the
metalloproteinases indicate that increased ECM synthesis and
decreased ECM degradation were the mechanisms that pro-
duced interstitial ECM accumulation. The finding of increased
concentrations of TGF-/31 mRNA suggests that this growth
factor, perhaps of macrophage origin, has a role in these
processes.
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